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Abstract 

T-2 toxin is known to induce apoptosis in mammalian cells. The mechanism of apoptosis induced by T-2 toxin has been 
proposed to be linked with oxidative stress and mitochondrial pathway. In the current study, the toxic effect of T-2 on Hela, 
Bel-7402, and Chang liver cells was examined in dose-dependent and time-dependent manner by MTT assay. Caspase-3 was 
found to be up-regulated under T-2 toxin stress, which suggested that T-2 toxin induced cell apoptosis. Endogenous GSH 
and MDA levels in all three cell lines were found down- and up-regulated respectively, which indicated the link between 
toxic effect of T-2 toxin and intracellular oxidative stress. It was also found by MTT assay that NAC, which maintained the 
level of GSH in cells, could protect cells from death. Western-blot result showed that the level of both activated Caspase-8 
and Caspase-9 increased when cells were treated by T-2 toxin. Caspase-9 was found to be activated earlier than Caspase-8. It 
was also found that p53 was up-regulated under T-2 toxin stress in the study. These results implied that the effect of T-2 
toxin on cells was apoptosis rather than necrosis, and it was probably induced through mitochondrial pathway. To the best 
of our knowledge, the present study is the first to show that JunD is down-regulated in T-2 toxin induced apoptosis. By 
construction of an over-expression vector for the JunD gene, we observed that the survival ratio of JunD over-expressed 
cells obviously increased under T-2 toxin stress. These results suggested that the mechanism of T-2 induced cell death was 
closely connected with oxidative stress, and that JunD plays an important role in the defensive process against T-2 toxin 
stress. 
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Introduction 

T-2 toxin, a fungal secondary metabolite, is one of the type A 
Trichothecenes [1,2]. Ingestion by humans or livestock of cereals 
contaminated by T-2 toxin can cause adverse reactions, such as 
vomit, diarrhea, and even death [3,4]. Alimentary toxic aleukia 
(ATA), mainly due to ingestion of cereal containing large amounts 
of T-2 toxin has been reported to cause the death of a large 
number of people [5]. Injection of large dose of T-2 toxin to rat 
caused cardiomyopathy, which was similar to the symptom of 
ATA [6,7]. In view of the great harm to the health of human and 
livestock, the toxicological effects of T-2 toxin was reported in the 
Joint Food and Agriculture Organization /World Health Organi- 
zation (FAO/WHO) Expert Committee on Food Additives [4,6- 
8]- 

It was reported that T-2 toxin could affect protein synthesis by 
its affinity with trans-peptidase, one of the important subunits in 
ribosome, and the biosynthesis of DNA and RNA were also 
inhibited by T-2 toxin [9,10]. It was also found that T-2 toxin 
could interfere with the cytomembrane phosphorylation and cause 
lipid peroxidation in liver [1 1]. Islam et al. (1998) reported that the 
effect of T-2 toxin on mice thymocytes was apoptosis [12]. 
Shinozuka et al. (1997) also found that the T-2 toxin induced 
lymphocyte death was by apoptosis [13]. It was confirmed by in 



situ hybridization that the apoptotic process was accompanied by 
DNA damage [14]. Wang et al. (2012) further reported that JAK/ 
STAT (Janus kinase /signal transducers and activators of tran- 
scription) might play an important role in the trichothecenes 
induced apoptosis [15]. T-2 toxin mainly acted on the metabol- 
ically active organs, such as spleen, thymus, marrow, stem cells, 
and so on [4,16,17]. The apoptotic process is initiated by a series 
of oxidative stress, and subsequently cells enter the mitochondrial 
death pathway [18,19]. It was reported that T-2 toxin not only 
could down-regulate intracellular reduced GSH (Glutathione), but 
also could up-regulate intracellular total ROS (Reactive oxygen 
species) [5], which showed intrinsic link between T-2 toxin- 
induced apoptosis and oxidative stress. But the mechanism of how 
oxidative stress induces apoptosis is still unclear. 

JunD, a member of the AP-1 family of transcription factors, 
regulates genes involved in antioxidant defense. Gerald et al. (2004) 
found that JunD could reduce angiogenesis in tumor by reducing 
ROS, and demonstrated that JunD involved in regulation of 
antioxidant defense [20]. Toullec et al. (2010) took advantage of 
JunD deletion cell strain to examine the role of ROS in tumor 
development, and uncovered the role of JunD in the suppression 
of the migratory properties of stromal fibroblasts, which in turn 
potentiate tumor dissemination [21]. However, there are still not 
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any reports on the effect of JunD in the process of apoptosis 
induced by T-2 toxin. 

In view of the harmful effects of T-2 toxin, this study focused on 
the mechanism of T-2 toxin-induced apoptosis, and on the role of 
oxidative stress, especially the function of JunD, in T-2 toxin 
induced apoptotic process. 

Materials and Methods 

Ethics Statement 

All animal work was performed according to relevant national 
and international guidelines. All animal experiments were 
complied with the rules by the Animal Ethics Committee of the 
Fujian Agriculture and Forestry University. 

Materials 

T-2 toxin was purchased from Sigma Corporation (USA), and 
caspase-3 colorimetric assay kit and MTT (3-(4, 5-Dimethylthia- 
zol-2-yl)-2, 5-diphenyltetrazolium) assay kit were from Nanjing 
Key gen Biotech Co. Ltd (China). Lipofectamine 2000, anti- 
caspase-3 antibody, anti-caspase-8 antibody, anti-caspase-9 anti- 
body, anti-JunD antibody, GSH assay kit, and MDA (Malondial- 
dehyde) assay kit were from Beyotime Institute of Biotechnology 
(China). The other chemical reagents used were of analytical 
grade. E. coli BL21 (DE3) and DH5oc, and interference vector 
pSliencer4.1 were preserved in our lab. Cell lines (Hela, Bel-7402, 
and Chang liver cells) were purchased from a typical cell culture 
collection Committee of the Chinese Academy of Sciences 
Library, and cultured in RPMI medium 1640 supplemented with 
10% FBS (fetal bovine serum, Biotechnology Ltd. Co., Shanghai, 
China) [22]. 

Inhibition Effect of T-2 Toxin on Cells 

Cells (Hela, Bel-7402, and Chang liver) in logarithmic growth 
phase were transferred into 96-well plate (10 6 cells per well, the cell 
density in the following experiments was the same), and were 
cultivated overnight. Then, 100 jiL of T-2 toxin of various 
concentration (2000, 1000, 500, 250, 125, 62, and 30 ng/mL) was 
added respectively. DMSO (Dimethyl sulfoxide), the solvent for 
T-2 toxin, was added as control. After the cells were incubated 
with T-2 toxin for 24 h, MTT was added. Finally, the OD 570 
value was detected with microplate reader. The survival rate was 
calculated with the control as the reference. The lgIC50 of 
different cell lines was detected by the instruction of MTT assay 
kit: lgIC50 = Xm-I*(P— 0.5), Xm: maximum dose, I: maximum 
dose/adjacent dose, P: the sum of all mortality. Inhibition 
rate = (1— OD value of test group)/ OD value of control group. 



Detection of the GSH and MDA under T-2 Toxin Stress 

Cells in logarithmic growth phase were transferred into 96-well 
plate, and were cultivated overnight. In every well, 1.6 mL T-2 
toxin at a concentration of LC50 (50% lethal concentration) was 
added, and the cells were cultivated for 0, 4, 8, 16, 24 h 
respectively. After the incubation, cells were washed twice by PBS, 
the cells were mixed with protein removal reagent (S solution) at 
an amount of three times volume of cell pellet, and fully shocked 
by vortex. Following twice rapid freezing in liquid nitrogen and 
thawing in 37°C water bath, the samples were keep on ice for 
5 min and centrifuged at 10000 g for 10 min under 4°C. At last, 
the volume of endogenic GSH was detected following the 
instruction of GSH extract and assay kit, and the volume of 
endogenic MDA was detected following the instruction of MDA 
extract and assay kit. 

Effect of NAC on Cells 7 Viability and GSH Level under T-2 
Toxin Stress 

Cells in logarithmic growth phase were transferred into 96-well 
plate, and were cultivated overnight. In every well 100 jiL 
5 Jimol/L NAC (N-acetyl cysteine) was added and incubated for 
4 h. After the cells were washed twice by PBS, every well was 
treated with 100 jiL T-2 toxin at a concentration of LC50, and 
cultivated for 6, 12, 18, 24 h respectively. Following steps referred 
to the methods mentioned in MTT assay kit and GSH detection 
and assay kit. 

Detection of Caspase-3, 8, 9, p53, and JunD by Western- 
blot Analysis 

Cellular cultivation and T-2 toxin treatment was the same to 
that mentioned above. The cells in 96-well plate were cultivated 
for 8, 16, 24 h respectively. After the cells were collected and 
washed twice by PBS, cells were lysed for 3 min in 100 jiL lysis 
buffer, then were centrifuged at 1000 g for 10 min, and the 
supernatant was kept on ice for further Western-blot analysis. 
Samples were used for SDS/PAGE on 12% gels by discontinuous 
buffer system at 15 mA. Proteins from the gels were transferred to 
Nitrocellulose (NC) membranes for 1 h at 60 V in transfer buffer 
(48 mM Tris, 39 raM glycine and 20% methanol) at 4°C. The 
membranes were incubated with corresponding antibody at a 
dilution of 1:1000 in TNT buffer (1.21 1 g Tris, 8.77 g NaCl and 
500 mL tween-20 in 1 L TNT, pH 7.0) containing 5% skim milk 
for 1 h at room temperature on a gentle shaker. The membranes 
were rinsed three times for 10 min with TNT buffer and 
incubated with goat anti-mouse HRP-conjuaged IgG at a dilution 
of 1:4000 in TNT buffer containing 5% skim milk for 1 h at room 




A B 



Figure 1. The inhibition effect of T-2 toxin on three cell strains. A. Dose-dependent inhibition ration of T-2 toxin at 24 h. B. Time-dependent 
effect of T-2 toxin to cells. Data was presented as mean ± SD. *p<0.05, **p<0.01, ***p<0.001. 
doi:1 0.1 371 /journal. pone.00831 05.g001 
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Figure 2. Intracellular redox level under T-2 toxin. A. Level of endogenous GSH under T-2 toxin stress. B. Levels of endogenous MDA under T-2 
toxin stress. Data was presented as mean ± SD. *p<0.05, **p<0.01, ***p<0.001. 
doi:1 0.1 371 /journal. pone.00831 05.g002 



temperature. The membranes were developed with substrate 
(ECL, Electrochemiluminescence) until optimum color developed 
[23]. 

Effect of Over-expressed JunD on Cells 7 Viability under 
T-2 Toxin Stress 

The recombinant plasmid (JunD-PCDNA3.0, constructed 
previously in our lab) was extracted from E. coli DH5a, and 
transfected into cells by liposome (Lipofectamine 2000). After 
screening by G418, the JunD expression level was detected by 
Western-blot analysis with anti-JunD antibody as the first antibody 
[23]. The survival rate was calculated according to that mentioned 
in MTT assay. 

Statistical Analysis 

The data from this experiment was analyzed by statistic 
software (SPSS 13.0), and all data was presented on the form of 
mean ± standard deviation (x ± s). The comparison between each 
group was based on single-factor analysis of variance. The 
comparison between parallel groups was analyzed with LSD test. 
The assessment of statistical significance of differences was carried 
out with one way ANOVA in Microsoft Excel. P<0.05 means that 
the differences are statistically significant. 



Results 

Dose and Time Dependent Cytotoxicity of T-2 Toxin to 
Cells 

MTT assay was used to detect the inhibition effect of T-2 toxin 
on cells. It could be concluded from Figure 1A that T-2 toxin was 
toxic to three lines of cells (Hela, Bel-7402, and Chang liver cell), 
and the virulence of T-2 toxin was different towards different cells. 
With the increase of the toxin dose, the cell mortality was 
increased, too. According to the method provided above, LC50 of 
T-2 toxin at 24 h to three cell lines (Hela, Bel-7402, and Chang 
liver cells) was found to be 357, 63, and 412 ng/mL respectively. 
The concentrations of T-2 toxin used in subsequent experiments 
were the LC50 of T-2 toxin presented above. Time effect was also 
observed when cells were stressed under LC50 of T-2 toxin. It 
could be found from the Figure IB that as the time of T-2 stress 
extended, the survival rates of all three cell lines were decreasing 
obviously. It indicated that the effect of T-2 toxin on cells survival 
rate was not only dose-dependent, but also time-dependent. 

The Effect of T-2 Toxin on Endogenous GSH and MDA 

Endogenic GSH is an important antioxidant in cells, and its 
level impacts on cell anti-oxidative capacity directly. The decrease 
in GSH level would initiate intracellular oxidative stress. It could 
be found from Figure 2A that with the elongation of T-2 toxin 
treatment time, endogenic GSH in these cells was gradually 
reduced, and the endogenous GSH in test groups was less than 
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Figure 4. Activation of Caspase-3 induced by T-2 toxin. A. Detection of Caspase-3 hydrolase activity under T-2 toxin stress. B. Western blot 
result of Caspase-3 activated fragments in Hela cells when treated with T-2 at the concentration of LC50 for 8, 16, and 24 h respectively. C. Western 
blot result of Caspase-3 activated fragments in Changliver cells. D. Caspase-3 activity in Bel -7402 cell. Data was presented as mean ± SD. *p<0.05, 
**p<0.01, ***p<0.001. 
doi:1 0.1 371 /journal, pone.0083105.g004 



half of that in the control group at 24 h. This indicated that the 
level of endogenous GSH would decrease when The cells were 
induced by T-2 toxin, and certain degree of oxidative stress took 
place in the cells. This was a hint for us to explore the level of 
MDA, a product of lipid peroxidation. The level of MDA inside 
cells usually increases significantly, when the cells are under 
oxidative stress. As shown in Figure 2B, all three cell lines 
produced different levels of MDA under T-2 toxin stress, and the 
level of MDA was gradually increased with the elongation of the 
treatment time. These results and previous reports showed that 
there was a link between the T-2 toxin stress and intracellular 
oxidative stress. 

The Protective Effect of Antioxidant NAC to the Cells 
against T-2 Toxin Stress 

In the study, antioxidant NAC was employed to test if it had 
protective effect on cells stressed by T-2 toxin. It could be found 
from Figure 3 A that the survival rate of NAC pretreated Hela cells 
increased compared to the control group, which meant that the 
antioxidant NAC could relief the virulence of T-2 toxin, and 
alleviate T-2 toxin induced cell death. Endogenous GSH was 



detected, and the result from Figure 3B showed that there was 
more GSH in NAC pretreated Hela cells. But no obvious 
protective effect of NAC to the Chang liver and Bel-7402 cell lines 
under T-2 toxin stress was observed (data no shown). These results 
suggested that the pernicious effect of T-2 toxin on cells was at 
least partially caused by oxidative stress, and the protective effect 
of NAC to Hela cells against T-2 toxin stress was through 
protecting GSH. 

The Effect of T-2 Toxin Stress on Caspase-3 

Caspase 3, an important factor in apoptosis, is activated in both 
death ligand and mitochondrial pathways. In cell, Caspase 3 is an 
enzyme precursor that is activated only when cell initiates an 
apoptotic process. In the study, the hydrolase activity of Caspase 3 
was detected to reflect the activity level of Caspase-3 in cells (Hela, 
Bel-7402, and Chang liver) under T-2 toxin stress. It could be 
observed from Figure 4A that the activity of Caspase-3 in three cell 
lines under T-2 toxin stress was increased 2-7 times compared to 
control group at 24 h. These results reflected that Caspase-3 
played an important role in the process, and preliminary suggested 
that the process induced by T-2 toxin in cells was apoptosis. 
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Figure 5. Western-blot analysis on activated Caspase-8 and Caspase-9 level. A. Activated Caspase-8 and Caspase-9 level in Hela cells when 
treated with T-2 toxin at the concentration of LC50 for 8, 16, and 24 h respectively. B. Activated Caspase-8 and Caspase-9 level in Changliver cells 
were treated with T-2 toxin. C. Bel -7402 cells were treated with T-2 toxin. 
doi:1 0.1 371 /journal, pone.00831 05.g005 
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Figure 6. Levels of p53 under T-2 toxin stress. A. Levels of p53 in Hela cells when treated with T-2 at the concentration of LC50 for 8, 16, and 

24 h respectively. B. Levels of p53 in Changliver cells. C. Bel-7402 cells were treated with T-2 Toxin. 
doi:1 0.1 371 /journal. pone.00831 05.g006 



The hydrolyzed or activated fragment of Caspase-3 was further 
analyzed by Western-blot analysis. The result showed that the 
level of activated hydrolysis fragment increased in all three cell 
lines (Figure 4 C-D). These results illuminated the effect of T-2 
toxin to cells was apoptosis rather than necrosis. 

T-2 Toxin Induced Apoptosis by Mitochondrial Pathway 

Members of the Caspase family are critical in the process of 
apoptosis. Caspase-8 mainly takes part in the death receptor 
pathway, and Caspase-9 is primarily working in mitochondrial 
pathway. The results of our Western-blot analysis (Figure 5) in 
present study showed that Caspase-8 was hydrolyzed and activated 
at about 16 h, and Caspase-9 was activated at about 8 h (Figure 5A 



and B). The same situation happened to the line of Bel-7402, and 
Caspase-8 was hydrolyzed and activated relatively later than that 
of Caspase-9. Caspase-8 was activated at about 24 h, but Caspase- 
9 was about 16 h (Figure 5C). These results indicated that the 
apoptosis induced by T-2 toxin was probably through mitochon- 
drial pathway, which coincided with the previous reports [24,25]. 

The Effect of T-2 Toxin on the Level of p53 

The role of p53 in T-2 toxin induced apoptosis has been 
controversial. Some reports declared that the level of p53 did not 
change in the T-2 toxin mediated apoptosis [26], other reports 
found that p53 level was up-regulated in the process [25]. So it is 
necessary to further clarify the role of p53 played in the apoptotic 
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Figure 7. The effect of up-regulated JunD on cells. A. The expression levels of JunD induced by T-2 toxin. B. The expression of JunD after 
transfection of JunD over-expression vector in three cell strains, wt: wild type. +: cell strains transfected with over-expression vector. C. The effect of 
over-expressed JunD on cell survival rate. T-2: wild-type cells under T-2 toxin stress. JunD (+/+): JunD over-expressied cell lines under T-2 toxin stress. 
Data was presented as mean ± SD. *p<0.05, **p<0.01, ***p<0.001. 
doi:1 0.1 371 /journal.pone.00831 05.g007 
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process. We found that the protein level of p53 in these three cell 
lines (Hela, Chang liver, and Bel-7402) was up-regulated under T- 
2 toxin stress (Figure 6 A-C) suggesting that p53 took part in the 
apoptotic process induced by T-2 toxin. 

The Effect of Up-regulated JunD on Cells under T-2 Toxin 
Stress 

JunD plays a role in intracellular antioxidant system. In the 
present study, we explored the relationship between JunD and 
apoptosis induced by T-2 toxin. By Western-blot analysis, we 
found that the protein levels of intracellular JunD were obviously 
suppressed under T-2 toxin stress in all three cell lines we used 
(Figure 7A). The down-regulation of JunD results in the 
suppression of intracellular antioxidant system, which makes the 
cells susceptible to oxidative stress. 

These three cell lines (Hela, Chang liver, and Bel-7402) were all 
transfected with an over-expression vectors of JunD. As shown in 
Figure 7B, the expression levels of JunD were obviously up- 
regulated in all three cell lines after transfection. It could also be 
seen from Figure 7C that the survival rate of cell lines transfected 
with JunD over-expression vector was significantly increased 
under T-2 toxin stress compared to wild-type cells. These results 
showed that JunD played a critical role in the apoptotic process, 
and its over-expression could effectively prevent the cells from 
damaging effects by T-2 toxin. 

Discussion 

It had been found in many reports that intracellular reduced 
GSH was down-regulated by T-2 toxin, and at the same time, lipid 
oxidation occurred and total intracellular ROS was up-regulated 
[5,27]. Reduced GSH can effectively remove intracellular free 
radicals, and the decline in GSH expression level would lead to 
unbalance of intracellular antioxidant system. The up-regulated 
ROS and MDA reflected that cells had been coerced by oxidative 
stress. In the current study, it was clear that all three cell lines 
(Hela, Bel-7402, and Chang liver) could be induced into the 
process of apoptosis by T-2 toxin, and the death effect of the toxin 
against cells was time-dependent and dose-dependent. Oxidative 
stress might be the main factor which leads to apoptosis under T-2 
toxin stress. In the experiment in which antioxidant NAC was used 
to pretreat cells. The cell line, Hela, was protected efficiently under 
T-2 toxin stress, but there was no significant effect in Bel-7402 and 
Chang liver. This may be due to the different sensitivity to NAC 
for different cell lines. He et al. (2012) also found that NAC could 
provide a protective effect towards the apoptosis induced by T-2 
toxin [28]. From the reports and results provided above, it could 
be concluded that oxidative stress plays an important role in 
apoptosis triggered by T-2 toxin. 

Caspase family members are very critical in the process of 
apoptosis, and they are precisely regulated in the whole process of 
apoptosis. When they are hydrolyzed by upstream proteases and 
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become activated, they will participate in the process of apoptosis. 
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apoptosis rather than necrosis by increasing the expression level of 
Caspase-3 [29]. Caspase-8 plays an important role in death 
receptor pathway, and Caspase-9 takes part in the mitochondrial 
pathway [30,31]. Therefore, The pathway of T-2 toxin induced 
apoptosis could be illustrated by detecting the protein level of the 
both proteins. In this study, it was found that the activation of 
Caspase-9 (about 8 h) was earlier than that of Caspase-8 (about 
24 h). So it implied that the apoptosis induced by T-2 toxin was 
mainly by mitochondrial pathway. 

The tumor suppressor p53 plays a very important role in 
maintaining the integrity of cellular genes and controlling cell 
growth. So the expression of p53 inside cell is subjected to strict 
regulation. The apoptosis induced by p53 is through mitochon- 
drial pathway by activating transcription of some pro-apoptotic 
factors (such as Puma, Bax, p53AIPl, Bcl2, PIGs and so on) 
[32,33]. In previous studies of T-2 toxin induced apoptosis, the 
role of p53 has been controversial. Some studies have reported 
that p53 does not change in the process [26], whereas some results 
confirm that p53 is up-regulated in the process [27,34]. Thus, we 
found it is important to clarify the role of p53 in T-2 toxin induced 
apoptosis. It was confirmed in the present study that p53 was up- 
regulated, which also suggested that the pathway of T-2 induced 
apoptosis was through the mitochondrial pathway [35]. 

AP-1 (activator protein- 1) transcription factor family plays a key 
role in the regulation of transcription by Ras which is mainly 
composed of c-Jun JunB, and JunD, and it is usually considered 
that JunD plays an important role in intracellular antioxidant 
system [36-41]. These evidences revealed that there might be an 
intrinsic link between JunD and oxidative stress, but there is no 
report about JunD in the study of T-2 toxin induced apoptosis. In 
our study, we found that JunD was of importance in the apoptotic 
process induced by T-2 toxin. Initially, we found by Western-blot 
analysis that the protein levels of JunD were down-regulated in the 
T-2 toxin induced apoptosis. In further studies on the cell survival 
rate during T-2 toxin stress, we found that the JunD over- 
expression cell lines could effectively prevent the effects induced by 
T-2 toxin. However, there was no obvious difference in the 
survival rate between wild-type cell lines and JunD interfered cell 
lines, which might suggest that there are other factors that could 
complement the function of JunD. Thus, we conclude that JunD 
could effectively protect cells from T-2 toxin induced apoptosis. It 
is, however, still unclear how JunD protected the cells from 
apoptosis under T-2 toxin stress. Further study on the pathway by 
which JunD prevent apoptosis would illuminate the molecular 
mechanism of T-2 induced apoptosis. 
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